Abstract In the present study, the use of low-cost, abundantly available, highly efficient and eco-friendly adsorbent wood apple shell (WAS) has been reported as an alternative to the current expensive methods of removing of malachite green (MG) dye from aqueous solution. The effects of different variables, adsorbent dosage, initial dye concentration, pH, contact time, temperature etc. were investigated and optimal experimental conditions were ascertained. The Langmuir isotherm model has given a better conformity than the Freundlich model with 80.645 mg/g as maximum adsorption capacity at 299 K. The adsorption of MG on WAS was confirmed by FTIR, SEM study, as it showed the change in characterization before and after adsorption. It was found that the Lagergren's model could be used for the prediction of the system's kinetics, while intraparticle diffusion study and Boyd plot were used to furnish the mechanistic study. Thermodynamic study concluded the spontaneous and endothermic nature of the adsorption. Present investigation and comparison with other reported adsorbents concluded that, WAS may be applied as a low-cost attractive option for removal of MG from aqueous solution.
Introduction
Dyes are used in large quantities in many industries including textile, leather, cosmetics, paper, printing, plastic, pharmaceuticals, food, etc. to colour their products, which generates wastewater, characteristically high in colour and organic content. The textile industry alone accounts for two third of the total dye stuff production (Azhar et al., 2005; Garg et al., 2004) . The discharge of coloured wastes into streams not only affects their aesthetic nature but also interferes with the transmission of sunlight into streams and therefore reduces photosynthetic action. Further, coloured wastes may contain chemicals which exhibit toxic effects towards microbial populations and can be toxic and/or carcinogenic to mammals. In general, dyes are poorly biodegradable. Conventional biological treatment processes are not very effective in dye removal (Ashtoukhy El, 2009 ). Basic malachite green (MG) dye has been widely used for the dyeing of leather, wool, jute and silk, as in distilleries, as a fungicide and antiseptic in aquaculture industry to control fish parasites and disease (Zhang et al., 2008) . Malachite green has properties that make it difficult to remove from aqueous solutions and also toxic to major microorganisms. Though, the use of this dye has been banned in several countries and not approved by US Food and Drug Administration, it is still being used in many parts of the world due to its low cost, easy availability and efficacy and to lack of a proper alternative (Hameed and El-Khaiary, 2008a; Papinutti et al., 2006) .
Malachite green is environmentally persistent and acutely toxic to a wide range of aquatic and terrestrial animals. It is highly lethal to freshwater fish, in both acute and chronic exposures. It causes serious public health hazards and also poses potential environmental problem. Both clinical and experimental observations reported so far reveal that MG is a multi-organ toxin. It decreases food intake, growth and fertility rates; causes damage to the liver, spleen, kidney and heart; inflicts lesions on the skin, eyes, lungs and bones; and produces teratogenic effects. Malachite green is highly cytotoxic to mammalian cells. Incidences of tumour in the lungs, breast and ovary have also been reported from rats exposed to MG. It also acts as a respiratory enzyme poison. Decrease in RBC count (dyscrasia), Hb (anaemia) and HTC (%); increase in WBC count (leukocytosis) and delay in blood coagulation were observed post-exposure to MG (Srivastav et al., 1999; Srivastava et al., 2004; Yonar and Yonar, 2010) .
Possible methods of dye removal from textile effluents include chemical oxidation, froth flotation, adsorption, coagulation, electro-dialysis, cloud point extraction etc. (Elhami, 2010; Gupta et al., 1997) . Amongst these, the adsorption methods currently appear to offer the best potential for overall treatment, and it could be expected to be promising for a wide range of compounds, than any of the other listed processes.
Recognizing the high cost of activated carbon, many investigators have studied the feasibility of economical, commercially available materials as its possible replacements. Biosorption based on binding capacities of different low-cost adsorbents includes natural, agricultural, and industrial by-product wastes. They are attractive because of their abundant availability at low or no cost, their good performance in removing dyes from aqueous solutions as well as minimum volume of sludge to be disposed (Hameed and El-Khaiary, 2008b; Saha et al., 2010) . Previously several researchers had proved several low cost materials such as, wheat bran (Papinutti et al., 2006) , tamarind fruit shell (Saha et al., 2010) , marine alga Caulerpa racemosa var. cylindracea (Bekci et al., 2009) , hen feathers (Mittal, 2006) , pithophora species fresh water algae (Kumar et al., 2006) etc.
In the present study, wood apple shell (WAS) has been used as adsorbent whose results showed good capacity of adsorption of MG in very short period of agitation. The Limonia acidissima (wood apple) is used medicinally as well as in making of sweet in India. Unemployed shell of fruit is waste which became the best application as the effective and inexpensive adsorbent. The study was carried out with isotherm as well as kinetic models, along with the thermodynamic study.
Materials and methods

Preparation of adsorbent and dye solution
The wood apple shells were collected from local market and washed repeatedly with distilled water to remove dust and soluble impurity. These were dried in shadow at room temperature and then crushed in mechanical grinder. Once again it was washed to remove colouring matter of adsorbent and followed by drying in oven at 383 K for 24 h. The dried material was then passed through the BSS 44 sieves after which it became ready for use as adsorbent. Adsorption behaviour depends on the method of preparation and the prior treatment of the adsorbent. The adsorbent sample once prepared was stored and used throughout the series.
The MG dye has molecular formula C 23 H 25 N 2 Cl (molecular weight = 364.92, k max = 615 nm) (Fig. 1) . Stock so lution of 1000 mg/L was prepared with double distilled water. 
All working solutions used in tests were prepared by appropriately diluting the stock solution to a pre-determined concentration. All other chemicals used in this study were analytical reagent grade. 
Characterization of adsorbent
Batch adsorption experiment
The experiment was carried out by the batch adsorption method in the Erlenmeyer flasks agitated at 299 ± 2 K for a predetermined period with isothermal orbital shaker. The adsorption parameters such as pH, time, initial dye concentration, rpm, and temperature were studied. The isotherm study was carried out with different initial concentrations of MG from 100 to 700 mg/L, by keeping temperature constant and at 150 rpm agitation speed for 3.30 h. The adsorbent dosages were checked from 0.05 to 0.4 g/L for better adsorption. The kinetic study was done by varying time from 0 to 210 min. For the thermodynamic study temperature was varied from 303 to 323 K. The measurement of absorbance of colour was done spectrophotometrically (Elico, SL 171) at k max = 615 nm. The equilibrium adsorption capacity was evaluated using the equation,
where q e (mg/g) is the equilibrium adsorption capacity, C 0 and C e are the initial and equilibrium concentrations (mg/L) of MG dye solution, V is the volume and M is the weight of adsorbent.
Results and discussion
Analysis of adsorbent
The structure of MG gives the direction for possible functional groups observed on MG dye adsorbed on WAS surface. The major peaks are observed in region 450-1800 cm À1 (Fig. 3 ). The FTIR spectrum of WAS shows peaks at 1738, 1634, (Fig. 3(a) ), whereas in case of the MG the peaks were recorded at 1615, 1586, 1373, 1172 cm À1 ( Fig. 3(b) ). The peak at 1615 and 1586 cm À1 corresponds to C‚C aromatic stretching and peak at 1373 cm À1 was due to C-C aromatic stretching while 1172 cm À1 was due to C-N stretching. Fig. 3(c) shows the FTIR spectrum of MG dye absorbed on WAS, where the peaks were slightly shifted towards higher side with values 1733, 1627, 1241, 1042 cm
À1
. This shift in peak values may be due to the formation of chemical bond between functional groups present on WAS and MG; the same observations are reported (Al-Ghouti et al., 2003; Bekci et al., 2009; Sekhar et al., 2009 ). On the basis of the FTIR one can confirm the adsorption of dye on WAS.
SEM characterization of WAS, before and after adsorption, showed complete change in surface texture. Before adsorption there was the rough surface morphology as observed (Fig. 4) , while after adsorption of dye on the WAS, layer on the surface of adsorbent and smoother morphology was observed (Fig. 5) . These changes in the morphologies are in good agreement with the literature for various materials (Al-Ghouti et al., 2003; Santhi et al., 2010a; Saha et al., 2010) .
Effect of pH
Initial pH of dye can influence the adsorption of it on the surface of adsorbent. In the present study, pH 1-10 was used to observe the better adsorption with initial concentration of dye 100 mg/L with 400 mg WAS as adsorbent dosage. The reaction mixture was agitated for 3.30 h with agitating speed 150 rpm at 299 ± 2 K. The most favourable adsorption was seen at basic pH 7-9 with 98.87% removal of MG dye (Fig. 6) . It is well known that from pH 10.50 and more the colour of the dye was self fed. It may be due to the formation of the new species of dye, so for further study pH 7.5-8 was maintained.
At lower pH, the number of positively charged adsorbent surface sites increased at the expense of the number of negatively charged surface sites. The carboxylic groups of MG (pKa = 10.3) were protonated and had high positive charge density at a lower pH (Garg et al., 2003) . Consequently, electrostatic repulsion between the positively charged surface and the positively charged dye molecule increased with increasing solution pH and resulting in the decrease of adsorption capacity of MG to the adsorbent. In addition, the competition of H + ion with the cationic dye molecules also decreased the adsorption. On the contrary, the functional groups as hydroxyl and carbonyl can act as biosorbing agents or sites with negative charges. The surface of the adsorbent was negatively charged at higher pH, which favoured for adsorption of the positively charged dye cations through electrostatic force of attraction. The adsorption of MG to adsorbent consequently increased with an increase of pH values (Pan and Zhang, 2009; Baek et al., 2010) .
Effect of time
The percentage of dye removal as a function of time was studied, with an initial 100 mg/L concentration of MG dye and adsorbent dosage of 400 mg. The uptake of dye by WAS adsorbent occurs at a faster rate, corresponding to 98.87% removal at an equilibrium time of 210 min (3.30 h). There was faster rate of adsorption at initial stage which went on decreasing later; it may be due to availability of complete active bare surface. The relative increase in the removal of dye after contact time of 3.30 h was not significant and hence it was fixed as the optimum contact time. The present findings were in good agreement with the earlier reports (Basar et al., 2005; Kannan and Sundaram, 2001) . In batch type adsorption systems, a monolayer of adsorbate is normally formed on the surface of the adsorbent, and the rate of removal of adsorbate species from aqueous solution is controlled primarily by the rate of transport of the adsorbate species from the exterior/ outer sites to the interior site of the adsorbent particles (Malik et al., 2007) .
Effect of initial concentration
The influence of the initial concentration of MG in the solution on the rate of adsorption on WAS was investigated. The experiment was carried out with fixed adsorbent dosage, along with stably maintained temperature, at basic pH condition. The percent adsorption decreased with an increase in initial dye concentration. The adsorption capacity for WAS was increased from 12.35 to 80.645 mg/g as the MG concentration in the test solution was increased from 100 to 700 mg/L. Maximum dye was sequestered from the solution within 3.30 h after the start of every experiment. WAS took about 3.30 h for equilibrium attainment. Increase in concentration enhances the interaction between the dye and adsorbent apart from providing necessary driving force to overcome the resistances to mass transfer of dye. Therefore, rate of adsorption and hence dye uptake increased with an increase in dye concentration.
Effect of adsorbent dosage and agitation speed
The percent adsorption and amount adsorbed were increased as the adsorbent doses were increased from 0.05 to 0.4 g at 100 mg/L dye concentration on equilibrium time of 3.30 h. There was 98.87% removal of MG dye with 12.35 mg/g amount adsorbed was observed. From Fig. 7 it is readily understood that the number of available adsorption sites and the surface area increase by increasing the adsorbent dose, it therefore, results in the increase of amount of adsorbed dye.
After formation of equilibrium, it was observed a decrease in amount of adsorption. This may be attributed to overlapping or aggregation of adsorption sites resulting in a decrease in total adsorbent surface area available to MG and as an increase in diffusion path length (Garg et al., 2004) . The agitating speed was varied from 50 to 250 rpm, but from 150 rpm the results did not show any disparity, it remains invariable with amount adsorbed as well as percent removal of MG. For both the experiments the dye concentration was maintained at 100 mg/L, while time, temperature and all parameters were kept constant.
Adsorption isotherm
In order to optimize the design of an adsorption system to remove the dye, it is important to establish the most appropriate correlations of the equilibrium data of each system. Equilibrium isotherm equations are used to describe the experimental adsorption data. The parameters obtained from the different models provide important information on the adsorption mechanisms and the surface properties and affinities of the adsorbent.
The most widely accepted surface adsorption models for single-solute systems are the Langmuir and Freundlich models. The correlation with the amount of adsorption and the liquidphase concentration was tested with them. Linear regression is frequently used to determine the best-fitting isotherm, and the applicability of isotherm equations is compared by judging the correlation coefficients.
Langmuir isotherm
The theoretical Langmuir isotherm is valid for adsorption of a solute from a liquid solution as monolayer adsorption on a surface containing a finite number of identical sites. Langmuir isotherm model assumes uniform energies of adsorption onto the surface without transmigration of adsorbate in the plane of the surface (Santhi et al., 2010a) . Therefore, the Langmuir isotherm model was chosen for the estimation of the maximum adsorption capacity corresponding to complete monolayer coverage on the adsorbent surface. The Langmuir equation (Saha et al., 2010 ) is commonly expressed as follows:
where q m is monolayer adsorption capacity (mg/g), K L is Langmuir isotherm constant related to the affinity of the binding sites and energy of adsorption (L/mg). The values of q m and K L can be calculated by plotting C e /q e versus C e (Fig. 8) . The essential characteristics of a Langmuir isotherm can be expressed in terms of a dimensionless constant separation factor or equilibrium parameter, R L (Hall et al., 1966) , which is defined by
The influence of isotherm shape on ''favourable'' or ''unfavourable'' adsorption has been considered (Gupta et al., 1997) . The R L values indicate the type of the isotherm to be either unfavourable (R L > 1), linear (R L = 1), favourable (0 < R L < 1) or irreversible (R L = 0). In the present experiment the results were found for R L between 0.7386 and 0.0465 which clearly indicate the adsorption was favourable. Fig . 8 shows the plot of C e /q e versus C e for the adsorption of MG onto WAS at constant temperature according to the linear forms of Langmuir isotherm.
Freundlich Isotherm
The Freundlich equation was employed for the adsorption of MG dye on the adsorbent. The Freundlich isotherm (Hema and Arivoli, 2008) was represented by
where q e is the amount of MG dye adsorbed (mg/g), C e is the equilibrium concentration of dye in solution (mg/L), and K f and n are constants incorporating the factors affecting the adsorption capacity and intensity of adsorption, respectively. Linear plots of log q e versus log C e (Fig. 9) shows that the adsorption of MG dye obeys the Freundlich adsorption isotherm. The values of K f and n given in Table 2 show that the increase of negative charges on the adsorbent surface makes electrostatic force like van der Waals force between the surface and dye. The molecular weight and size either limit or increase the possibility of the adsorption of the dye onto adsorbent. However, the values clearly show the dominance in adsorption capacity. The intensity of adsorption is an indication of the bond energies between dye and adsorbent, and the possibility of slight chemisorptions rather than physisorption (Arivoli et al., 2009 ).
The results indicate that there is better fitting of Langmuir isotherm model than the Freundlich isotherm (Table 2) . On this basis also one could conclude that, it was chemisorption.
Kinetic study of adsorption
The kinetics of MG dye adsorption onto WAS is required for selecting optimum operating conditions for the full-scale batch process. The kinetic parameters, which are helpful for the prediction of adsorption rate, give important information for designing and modelling the adsorption processes (Santhi et al., 2010b) . In order to investigate the mechanism of adsorption various kinetic models have been suggested. In recent years, adsorption mechanisms involving kinetics-based models have been reported. In this study, two of the well known models were investigated to find the best fitted model for the experimental data obtained.
The kinetic data were treated with the following Lagergren's pseudo first-order rate equation (Ho and McKay, 1999) .
where q t and q e are the amount adsorbed at time t and at equilibrium (mg/g) and k 1 is the pseudo first-order rate constant for the adsorption process (min
À1
). The pseudo second-order model can be represented in the following form (Ho and McKay, 1998; Zhang et al., 2008) .
where k 2 is the pseudo second order rate constant (g/mg min). The plots of log (q e À q t ) versus t and the plots of t/qt versus t are shown in Figs. 10 and 11, respectively. Kinetic constants calculated from slope and intercept of plots for both the models are given in Table 3 which shows that pseudo first-order is better fitted than pseudo second-order.
Mechanistic study
If the intraparticle diffusion is involved in the adsorption processes, then the plot of the square root of time versus the uptake (q t ) would result in a linear relationship and the intraparticle diffusion would be the controlling step if this line passed through the origin. When the plots do not pass through the origin, this is indicative of some degree of boundary layer control and this further shows that the intraparticle diffusion is not the only rate controlling step, but also other processes may control the rate of adsorption (Alzaydien, 2009) . In order to investigate the mechanism of the MG adsorption onto WAS, intraparticle diffusion based mechanism was studied. The most commonly used technique for identifying the mechanism involved in the adsorption process is by fitting an intraparticle diffusion plot. It is an empirically found functional relationship, common to the most adsorption processes, where uptake varies almost proportionally with t 1/2 rather than with the contact time t (El-Latif et al., 2010).
where, c is constant and k id is the intraparticle diffusion rate constant (mg/g min 1/2 ), q t is the amount adsorbed (mg/g) at a time t (min). The intraparticle diffusion rate constant was determined from the slope of the linear gradients of the plot q t versus t 1/2 (Fig. 12) . From a mechanistic viewpoint to interpret the experimental data, it is necessary to identify the steps involved during adsorption described by external mass transfer (boundary layer diffusion) and intraparticle diffusion. From design aspect, it is important to estimate which is the rate-limiting step (pore or surface diffusion) involved in the sorption process (Kumar et al., 2006) .Thuskineticdatahavebeenanalysedusingthemodelgiven by Boyd et al. (1947) .
and
where q e is the amount of malachite green adsorbed at equilibrium time (mg/g) and q represents the amount of dye adsorbed at any time t (min), F represents the fraction of solute adsorbed at any time t and Bt is a mathematical function of F. Substituting Eq. (9) Fig. 13 . The linearity in the plot is used to distinguish whether external and intraparticle transport controls the adsorption rate. From Fig. 13 it was observed that the relation between Bt and t was linear at all dye concentrations but does not pass through origin, confirming that surface diffusion is the rate-limiting step. The calculated Bt values were used to calculate the effective diffusion coefficient, D i (cm 2 /s) using the relation (Kumar et al., 2006) .
where, r represents the radius of the particle calculated by sieve analysis and by assuming as spherical particles. The average D i values were estimated to be 2.0659 · 10 À5 cm 2 /s. The rate constant of intraparticle diffusion and value of diffusion coefficient D i are given in Table 3 . 
Effect of temperature
The adsorption process is temperature dependant. As the temperature rises the capacity of the adsorbent enhances. In the present experiment the temperature study was done from 303 to 323 K with variation of 5 K. The amount of adsorption was increased from 80.55 to 85.31 mg/g with respect to temperature. For temperature study the initial concentration was maintained at 700 mg/L and all other conditions like volume of solution, agitation time, adsorbent dose etc. were kept constant.
Where the temperature is concerned for sorption, it is useful to determine the thermodynamic parameters such as standard Gibbs free energy change DG°, standard enthalpy change DH°, and standard entropy change DS°. The Gibbs free energy change for sorption of MG onto WAS is estimated by using equilibrium constant Kc and can be written as
Standard enthalpy change and standard entropy change DS°of adsorption were calculated from van't Hoff equation with the following relation.
where Kc is equilibrium constant for sorption, R gas constant, T temperature (K). The value of DH°was calculated from the slope of the linear regression of ln Kc versus 1/T (Fig. 14) . The Kc value was determined by the relation given below
where q e represents the amount of MG adsorbed on WAS at equilibrium (mg/L), C e the equilibrium concentration of MG in solution (mg/L). Table 4 illustrates the thermodynamic parameters that were calculated by above equations. The absolute magnitude of DG°gives an idea about the type of adsorption. The spontaneous nature of sorption appears due to negative values of DG°and average value was found À4.933 kJ/mol. This confirms affinity of WAS for the MG. The positive DH°values could lead to endothermic nature of interaction between MG dye and WAS adsorbent. Standard entropy determines the disorderliness of the adsorption at solid-liquid interface.
Comparison with other adsorbents
In comparison with the other adsorbents for MG removal, the present study takes places in short time and at room temperature (Table 5) . On this basis, one could conclude that, WAS is the economical, efficient and effective adsorbent as compared with reported adsorbents.
Conclusion
Wood apple shell, a fruit-food solid waste, was successfully utilized as a low cost alternative adsorbent for the removal of hazardous dye MG. The removal of MG dye was found to be 98.87% with initial concentration 100 mg/L at pH 7-9 in 3.30 h by shaking at 150 rpm at 299 ± 2 K. The shifting of peaks in FTIR spectrum confirmed the MG dye adsorption onto WAS. The SEM study also made support to it by observing difference in surface morphology of adsorbent before and after adsorption of MG. The adsorption equilibrium data showed good fit to the Langmuir isotherm model as compared to the Freundlich isotherm model. The adsorption kinetics followed pseudo first-order kinetic equation for sorption of MG onto WAS. Thermodynamic study demonstrates the spontaneous and endothermic nature of biosorption process due to negative values of free energy change and positive value of enthalpy change, respectively. Finally it is concluded that, the present adsorbent could be a good alternative for the removal of MG from aqueous solution very effectively and economically.
